The effect of Si addition on the microstructure and shape recovery of FeMnSiCrNi shape memory alloys has been studied. The microstructure of these alloys remains single-phase austenite (Ȗ) up to 6% Si addition and beyond that it becomes two-phase Ȗ+į-ferrite. The Fe5Ni3Si2 type intermetallic phase starts appearing into the microstructure after 7% Si and makes these alloys brittle. The amount of shape recovery increases monotonically till 6% Si addition and is proportional to the amount of stress induced İ martensite. Alloys containing >6% and <4% Si show poor recovery due to formation of į-ferrite and stress induced D' martensite respectively. Si addition decreases the stacking fault energy (SFE) of the Ȗ phase and resulted in easier nucleation of stress induced H martensite. The amount of athermal İ martensite decreases with increase in Si.
Introduction
The shape memory effect (SME) associated with the J (fcc) -H (hcp) martensite transformation was first reported by Enami et al. [1] in Fe-18.5% Mn alloy (the amount of shape recovery was less than 10 %!). Subsequently, Sato et al. [2] showed (in single crystals) that the addition of 1% Si to Fe-30Mn single alloy could significantly improve its shape recovery. Murakami et al. [3] were the first to developed polycrystalline Fe-Mn-Si alloys, but these only showed a little more than 1.7% recovery. However, these researchers could later show that the extent of shape recovery increases with Si content up to 6.5%. According to Sato et al. [4] and Murakami et al. [5] , the beneficial effect of Si addition on the shape recovery of Fe-Mn alloys could be attributed to three major factors: i) lowering of the Neel transformation temperature (T N ) of J phase below the J to H martensite start transformation temperature (M S ) without affecting the M S temperature itself; ii) improvement in strength of the austenite matrix and iii) lowering of the SFE of J phase. Murakami et al. [5] also claimed that the relative position of the M S and T N temperature is very important: the stress induced transformation will not take place and no shape recovery can be achieved when T N lies above M S . However, Andersson et al. [6] have shown that it is possible to form a large amount of martensite even when the M S < T N . Gulyaev [7] have also reported that addition of Si significantly enhances the yield strength from 180 MPa in Fe-30Mn alloy to 350MPa in Fe-30Mn-5.5Si alloy. On the other hand, Tsuzaki et al. [8] and Tomota et al. [9] studied the effect of thermal cycling between M f and A f in Fe-15.5 Mn, Fe-24.4Mn, Fe-15.5Mn-6Si and Fe-24.5Mn-6Si (mass%) alloys and contend that Si causes the improvement in shape recovery by making the movement of partial dislocations reversible and restricting permanent slip in J phase. In another study, Gavriljuk et al. [10] reported that Si increases the concentration of free electrons promotes the tendency for short range ordering, which could assist in improvement of shape recovery.
These studies only show that, so far, the exact role Si plays for enhancing the shape recovery is not clear, particularly in the case of Fe-Mn-Si-Cr-Ni alloys, where T N lies below M s (due to addition of Cr and the lower amount of Mn [11] ). In addition, in these alloys the amount of Si was always maintained ~5-6%, which is less than the minimum required to attain maximum recovery. The present study is attempt to determine the exact role of Si in improving the shape recovery in Fe-Mn-Si-Cr-Ni based shape memory alloys by characterizing their microstructure, shape recovery and mechanical properties.
Experimental
The nominal compositions of the alloys used in the present work are given in Table 1 . Alloy buttons were prepared by non-consumable vacuum arc melting under argon atmosphere using high purity (99.95%) Fe, Mn, Si, Cr and Ni. Arc melted buttons (Alloys 1 to 7) were hot rolled at 925 o C into strips of 0.5 mm thickness. These were then solution treated for 1 h at 1000 o C. As Alloys 8 and 10 were difficult to roll and developed cracks, specimens from these were cut directly from the arc melted buttons and then solution treated for 6 h at 1000 o C.
Optical microscopy, Scanning electron microscopy (SEM) and X-ray diffraction (XRD) were employed for microstructural characterization. XRD analysis was carried out using Mo-kD radiation (O kD1 ҏ = 0.7093Å). The chemical compositions of constituent phases were measured by electron probe micro analysis (EPMA). The forward and reverse martensite transformation temperatures were determined on a differential scanning calorimeter (DSC) at a heating/cooling rate of 10 o C/min. The shape recovery of these alloys was evaluated using a simple bend test. The amount of recovery was determined by applying a pre-strain between 2-8% followed by recovery annealing at 600 o C for 10mins. Tensile tests of flat tensile specimens of 12.5 mm gauge length were performed at room temperature and a strain rate of 6.7x10 -4 . Figure 1 shows a few representative optical micrographs of Alloys1 to 10 that were solution heat treatment at 1000 o C. These micrographs show that up to 6% Si the microstructure is essentially single phase austenite (J) with some amount of H martensite. The same can also be obtained from the XRD patterns presented in Fig.2a . Further analysis reveals that the amount of martensite decreases with increasing Si content. As revealed by the XRD pattern, Alloy 7 containing 7% Si shows a two-phase microstructure (Fig. 1b) consisting of J (appears light in contrast) and ~45% blocky G-ferrite phase (appears dark). The composition analysis by EPMA, given in Table 2 , shows that the matrix J phase is richer in Ni and Mn and depleted in Cr and Si. In a complementary manner, G-ferrite phase is richer in Cr and Si and leaner in Ni and Mn. These differences are expected as Ni and Mn are well known J stabilizers, while Cr and Si are ferrite stabilizers [12] .
Results and Discussion

Microstructure
The microstructure of Alloy8 (Fig. 1c) indicates the presence of three phases. Analysis of the XRD pattern shows that the microstructure is composed of J (weaker reflections), G-ferrite (stronger reflections) and an intermetallic phase. Thus, the matrix of Fig.1c is G-ferrite and large bright grains adjacent to the grain boundaries are J. As expected the composition analysis by EPMA, Table 2 , showed that, in contrast to the composition of the large bright grains, the matrix is richer in Cr and Si and leaner in Ni and Mn. The intermetallic phase was identified to be with lattice parameter of 6.137Å and space group P2 1 3. So far no X-ray crystallographic data of this phase is available in literature. The only data available is of the S-phase (Cr 3 Ni 5 Si 2 ), which is iso-structural with this phase [13, 14] The above observations show that the stability of the J phase reduces with Si content, as observed by the occurrence of a two-phase microstructure when Si is 7%, and is further diminished by the appearance of the Fe 5 Ni 3 Si 2 phase, when Si is higher than 7%. When the Si content reaches 10%, J phase is totally absent in the microstructure. 
Transformation temperatures
The transformation temperatures for the J austenite to H martensite transformation during cooling and those of the reverse transformation during heating were measured using small specimens of 40-50 mg weight in the temperature H martensite amount decreasing with Si content and is substantiated by the metallographic and XRD observations.
3.3
hat in such microstructures less am unt of stress induced martensite will form and shape recovery will be hindered. e-A Fig. 3 , clearly show that Si addition up to 6% does not significantly change the M s of the J to Hҏ transformation; however, there is a slight increase in H to J transformation start temperature (A s ). The M s and A s temperatures drop above 6% Si, with alloys containing more than 7% Si not showing the martensitic transformation. Interestingly, the enthalpy of the JH transformation decreases with increase in Si content. This corresponds to the athermal Figure 4 presents the variation of shape recovery in Alloys 1 to 7, at different amounts of pre-strain. This plot essentially shows that the amount of shape recovery increases up to 6% Si amount. A detailed analysis reveals that, based on their shape recovery response, these alloys can be divided into two classes. Alloys containing up to 3% Si (Alloy1 to Alloy3) show poor shape recovery (<60% at 4% pre-strain) and alloys having Si 3-6% (Alloy4 to Alloy6) show good shape recovery (>60% at 4% pre-strain). The highest amount of shape recovery was observed in the case of Alloy6 and beyond that the recovery reduces. The low amount of shape recovery in the case of Alloy7 can be easily correlated to its microstructure, which contains ~45% G-ferrite. It is obvious t o Figure 5a presents the room temperature tensile properties of Alloys 1 to 7. It is observed that the yield strength (0.2% proof stress) do not change substantially, at least up to 6% Si. This indicates that there is no significant increase in strength of J matrix due to Si addition. The highest yield strength and lowest ductility was obtained in the case of Alloy7, which is possibly due to the high fraction of G-ferrite in the microstructure. . The fractograph of Alloy7, Fig.5b , shows a typical cleavage type fracture, indicating the brittle nature of the fracture. Some cracks could also be noticed in this specimen, which possibly occur at the interface of J and G-ferrite due to the difference in extents of deformation suffered by these phases. The yield strength of Alloy3 is the lowest among the singl ph ay be on account of the higher amount of H martensite in the microstructure. due to its smaller grain size, as noted in optical microscopy.
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Microstructural changes after pre-straining
Tensile specimens (solutionized at 1000 o C) were pre-strained at room temperature up to 5% and examined for the microstructural changes within the gauge length. Quantitative Rietveld analysis [15] of the X-ray diffraction patterns from gauge portions was performed to determine the phase fractions. The amount of H martensite present in the microstructure, before (solutionized state) and after straining, is presented in Fig.6a . It is clearly seen that the volume fraction of athermal H martensite (V ath ) reduces with increasing Si amount. It can also be seen that the total amount of H martensite (V tot ) formed during straining to 5% remains more or less same in all alloys but Alloy1. On results sh lim t ass of stress induced martensite may then be related to the generation of nuclei by concomitant plastic deformation present during straining of austenite, i.e the yield stress may be close to the critical stress to induce martensite. the other hand, the amount of stress induced H martensite, (V tot -V ath ), is found to increase with Si. However, the amount of stress induced H martensite is low till 3% Si, after which it steadily increases upto 6% Si. These ow that with increasing Si content recovery increases, athermal martensite decreases and stress induced martensite increases. Thus, it is seen that shape recovery is proportional to the amount of stress induced H martensite.
Another important result obtained from the X-ray diffractograms, Fig.6b , is that D' martensite forms during prestraining in alloys with Si less than 4%. Metallographic examination of these samples showed the presence of D' martensite within bands of H martensite (suggesting that D' is generated by the HD'transformation). Beyond 3% Si, only stress induced H martensite is observed (the amount of D' martensite formed, if at all, is less than the detectable of powder X-ray diffraction). Thus, it is seen that the poor shape recovery of alloys with less than 4% Si is i ociated with formation of stress induced D' martensite. The formation of stress induced H martensite may be related to the SFE in these alloys. The probability of stacking fault determined by Warren-Averbach technique of X-ray line profile analysis [16] , from which the SFE was derived using the relationship proposed by Schramm and Reed [17] . Figure 7 shows the SFE decreases with amount of Si. Therefore, it appears that H martensite is more easily stress induced with a decrease in SFE. In this context, it is a surprise that the amount of athermal H martensite decreases with Si addition when it should also have increased. This apparent contradiction points to a possibility that nucleation of H martensite is affected by Si content. However, this can be resolved if it is likely that, Si addition, in some way, reduces the number of potent nuclei of H martensite. The occurrence This study has shown that at least 4% Si is required for avoiding stress induced HD' transformation and addition of more than 6% is not possible due to the formation of G ferrite. This study has also revealed that Si does not affect ttle pre-existing athermal martensite, when the SFE is low and when the yield stress of the matrix is close to the critical stress to induce n this context that role of Si in improving the memory becomes apparent.
4.
Alloys having more than ress induced H martensite formed during pre-straining.
rite, respectively.
unt of shape recovery. iv.
Si decreases the amount of athermal H martensite, probably through a reduction in the population of potent nuclei. the transformation temperature and the mechanical properties of austenite, though it reduces the formation of athermal martensite and as also the SFE. On the other hand, this study has shown that good shape recovery is observed when the transformation temperature is close to the ambient, when there is only li martensite. It is i
Conclusions
The important results obtained from this study can be summarized as follows: i.
In FeMnSiCrNi alloys, single phase Jҏ microstructure is stable only up to 6% Si. 6% Si show a microstructure composed of J + G-ferrite phases. Fe 5 Ni 3 Si 2 type intermetallic phase starts appearing in the microstructure above 7% Si and causes these alloys to be brittle. ii.
The shape memory effect in these alloys is essentially due to stress induced H martensite and the extent of shape recovery is proportional to the amount of st The observation of poor shape recovery in alloys with Si <4% and >6% is due to the formation of stress induced D' martensite and G-fer iii.
Si reduces the SFE in these alloys enhances the nucleation of stress induced martensite and consequently the amo
